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An area of interest in precision farming is variable-rate
application of herbicides to optimize herbicide use efficiency
and minimize negative offsitce and non-rarget effects. Site-
specific weed management based on field scale management
zones derived from soil characteristics known to affect soil-
applied herbicide efficacy could alleviate challenges posed by
post-emergence precision weed management. Two commonly
used soil-applied herbicides in dryland com (Zea mays L.
production are atrazine and metolachlor. Accelerated dissipation
of atrazine has been discovered recently in irrigated corn fields
in eastern Colorado. The objectives of this study were (i) o
compare the rates of dissipation of auazine and metolachlor
across different soil zones from three dryland no-tillage felds
under laboratory incubation conditions and (i} to determine
if rapid dissipation of atrazine and/or metolachlor occurred
in dryland soils. Hetbicide dissipation was evaluated at time
poines berween 0 and 35 d after soil treatmient using a toluene
extraction procedure with GC/MS analysis. Ditferential rates
of atrazine and metolachlor dissipation occurred between two
soil zones on two of three fields evaluated. Accelerated atrazine
dissipation occurred in soil from all fields of this scudy, with
half-lives ranging from 1.8 to 3.2 d in the laboratory. The rapid
atrazine dissipation rares were likely atrribured o the history of
arrazine use on all fields investigared in this study. Merolachlor
dissipation was not considered accelerated and exhibited half-
lives ranging from 9.0 to 10.7 d in the laboratary.
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S[‘rli-sm—;t;m(; management of a crop field requires tha the
variability associated with factors that limit productivity
be spatially characterized. If such factors vary across a field

at an agronomically significant level, the use of site-specific
or precision farming techniques may be beneficial. One arca
of interest in precision farming is variable-rate application of
herbicides to optimize herbicide use efficiency and minimize
negative off-sitc and non-rarger effects.

‘The conventional approach to herbicide application is to treat
an entire field uniformly. Recent studies have suggested that
herbicides might be applied differentially according to spatially
varying soil properties (Jaynes et al., 1995; Gaston et al., 2001;
Williams et al.. 2002), Herbicide bioavailability is affected by soil
pH, cation exchange capacity, texture, and organic matter, all of
which vary spatially across a crop field (Novak ecal., 1997; Gaston
er al.. 2001; Williams et al., 2002; Liu et al., 2002). For instance,
more atrazine is needed with a lower soil pH, increasing organic
matter, and finer soil texture due to higher rates of herbicide sorp-
tion (Novak et al., 1997). Gaston et al. (2001} recommended that
to maintain weed control, higher rates of herbicides should be
applied in areas with higher clay and organic C. Liu etal. (2002)
illuscrated thar the efficacy of atrazine and alachlor varied spatially
across fields due ro differences in sorption, persistence, and degra-
dation depending on soil properties and landscape position. Liu
eral. (2002) also reported that the atrazine mineralization rate
(i.c., decomposition of the s-triazine ring of atrazine) was sparially
positively correlated to weed biomass (Liu et al., 2002). The find-
ings of Gaston et al. (2001) and Liu et al. (2002) suggest that poor
herbicide efficacy may explain why some weeds occur in patches.

There have also been studies focused on characterizing the spa-
tial variation of herbicide dissipation (Vischetti etal., 1997; Liu ct
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al., 2002; Muller et al., 2003; Charney et al., 2005; Bending er
al., 2006). Liu et al. (2002) and Charney et al. (2005) reported
high spatial variability for atrazine mineralization. Vischerri et
al. (1997) found the dissipation of chloridazon and metamitron
to vary considerably within their study sites, which they aterib-
uted to variation in soil properties.

An approach to rapidly and accurately mapping soil proper-
ties at the field scale that influence herbicide efficacy is the use
of geo- -referenced soil apparent electrical conductivity (EC))
measurements (Johnson et al., 2001). Soil EC_ has been corre-
lated to soil texture (Williams and Hoey, 1987 ) water coneent
(Kachanoski et al., 1988), soil salinity (Rhoades ct al., 1989),
and crop yicld (Kitchen et al., 1999; Heermann et al., 1999).
Furthermore, soil EC, maps have been correlated to atrazine
sorption coefficients Uayneﬁ etal., 1995). Specifically, the use of
shallow soil apparent eiecmwl conductivity (EC_ ) measure-
‘ments, which are an average of the soil EC. from rhc top 30
em of the soil profile (Farahani et al., 20(}3} could accurately
describe the variation in topsoil properties that may affect soil
applied herbicide efficacy.

Dividing a field into subunits or zones based on soil prop- -
erties that can be managed variably in terms of productivity
potential has been extensively studied on irrigated crop fields in
the semiarid Western Great Plains (Fleming et al., 2000; Kho-!
sla et al., 2002; Koch et al., 2004; Mzuku e al., 2005; Iniman
et al., 2005). However, lictle work has been done to delineate
fields into herbicide management zones, especially in dryl: :md
environments in this region. Soil EC_ smaps are one way to -
rapidly characterize the soil \mnab]llty in a field. These maps
could be used to delineate zones across a feldt to which dlﬂ'eren
tial rates of herbicide could be applied based:on soil properties.

Atrazine (G-chloro-4-(ethylamino)-6-isoptopylamino)-s-
triazine) is a selective herbicide used in corn (Zea mays L.)
production to control broad-leaved weeds and some grass
specics. Aerazine kills plants by inhibiring photosynthes
is typically applied pre-emergence to the aml for carly-season
weed control. Producers expect carly-season weeds to be
controlled by atrazine for approximately 40 d after applica-
tion to the soil. Mctolachlor (2-chloro-NV-(6-ethyl-o-tolyl)-
N-(2-methyloxy- 1-methylethyl) acetamide) is also used as a
soil-applicd herbicide in'corn and is commonly tank mixed

with atrazine. Metolachlor kills plants by inhibiting very long-

chain fatty acid biosynthesis (Matthes et al;, 1998) and con-
trols many grasses and small-seeded broad leaf weeds.

A growing concern of producers in the Western Greart
Plains in the USA is the accelerated degradation of atrazine
resulting in the loss of residual weed control. Shaner and
Henry (2007) recently reported rapid atrazine dissipation in
irrigated corn fields of eastern Colorado, USA. Additionally,
there have been several studies showing enhanced degradation
of atrazine in other parts of the USA (Stolpe and Shea 1995;
Zablotowicz et al., 2006), Europe (Barriuso and Houot,
1996), Australia (Popov et al., 2005), and New Zealand (Ais-
labic et al., 2004). In all cases, the authors of these studies
ateributed the accelerated degradation to adapred microflora
selected by repeated acrazine applications. Furthermore, soil

properties such as pH, organic C, and nitrogen availability
can influence the behavior of atrazine mineralization in soils
with adapted microbial populations (Houot et al., 2000: Ab-
delhafid et al., 2000a, 2000b). The behavior of metolachlor

in soils has been reported to vary with the addition of organic
amendments (Moorman et al., 2001) and with repeated expo-
sure (Sanyal and Kulshrestha, 1999).

No work has been performed on the variability of dissipa-
tion of atrazine or metolachlor in soil taken from dryland
ficlds in the Western Great Plains region. Moreover, docu-
menting accelerated herbicide dissipation in these dryland
environments is of scientific and agronomic importance to
producers so they can alter weed management practices by
instituting variable-rate herbicide application and by avoiding
herbicides thar are rapidly degraded. The objectives of this
study were to (i) compate the rates of dissipation ofatrazine
and metolachlor under laboratory conditions from differenc
soil EC_ ~derived zones and (ii) to determine if rapld dissipa-
tion conditions of atrazine and/or metolachlor occurred in

soil from dryland fields.

‘Materials and Methods
“Study Fields

"[h.'i'é study was conducted on soil collected from three dry-

“ land, no- ull:lge fields in northeastern Colorado. Fields in this

tudy. referred to as Fields 1 through 3. ranged in size from
210 54.4 ha' ‘Ihe predominant soil type in all study fields
¢ \Df\ 20{)6] lhc: Wt:ld soil series is a

Field 1 was under dryland, no-nliage crup producuon for at
lcast the prcv:cma 10 yr before conducting this study. A varicty
bctn rorated on this ficld, including corn (Zea mays
£ ‘heat ( Triticum aestivion L.), proso millet (Paricum
miliacenm 1..), and confection sunflower (Helianthus annus L.)
(R. Lewton, personal communication, 2006). Fields 2 and 3
were in no-till dryland crop production since 1990, and both
were in winter wheat—corn—fallow rotations (DD. Wagers, personal
communication, 2006), Herbi_cideé_-ai:plied for all fields for the 5
yr before conducting this study are summarized in Table 1.
Soil EC__ Zone Delineation

Soil zones based on EC | were derived for each field to
delineate areas representing homogeneous surface soil proper-
ties. Soil EC_, was measured as the average apparent eleceri-
cal conductivity for the top 30 cm of the soil profile, and
geo-referenced data were collected using a Veris 3100 Soil EC
Mapping System (Veris Technologies, Salina, K8) in conjunc-
tion with a Trimble Ag132 differential global positioning sys-
tem (DGPS) receiver. The instrument collected over 8000 soil
EC, , measurements within each field by pulling it behind
a vehicle traveling at speeds between 13 and 24 km h™', The
average distance between two swaths of data for all fields in
this study was 12 m. Field 1 dara were collected in September
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Table 1. Herbicide use history for each field in this study from 2001 to 2006.

Year 2001 2002 2003 2004 2005 20061
Field 1
Herbicides prosulfuron glyphosate; 2.4-D  glyphosate; atrazine; s-metolachlor; glyphosate; glyphosate; 2,4-D
2,4-D w/ 2-ethylhexyl ester glyphosate sulfentrazone
Fiel
Herbicides glyphosate; 2,4-D; glyphosate; 2,4-D; metsulfuron methyl or glyphosate; 2,4-D; glyphosate; 2,4-D; metsulfuron methyl
atrazine dicamba tribenuron methyl; 2,4-D  atrazine dicamba or tribenuron
methyl; 2,4-D
Field 3
Herbicides metsulfuron methyl  glyphosate; 2,4-D; glyphosate; 2,4-D; metsulfuron methylor  glyphosate; 2,4-D; glyphosate; 2,4-D;

or tribenuron methyl;  atrazine dicamba

24-D

tribenuron methyl; 24-D  atrazine dicamba

T Soil samples of this study were collected before herbicide applications in Fiald 1 and Field 3. Field 2 was in winter wheat at time of sampling.

2004, Field 2 dara were collected in September 2002, and
Field 3 data were collected in April 2002. Absolute values of
soil EC, measurements vary depending on moisture content
of the soil at time of collection: however, soil EC spatial pat-
terns and variability across a crop ficld are stable over time
(Farahani and Buchleiter, 2004).

Soil EC_, zones were defined by first interpolating the soil
EC , dara. Modified residual kriging was the geostaristical
procedure (Reich and Davis, 2003) used within ESRISpacial
Analyst and Geostatistical Analyst extensions to interpolate
the discrete soil EC_, point data for each field. First, a linear

polynomial trend surface was fit to cach of the soil EC | data-

scts for cach ficld. Trend surface residual values represented
spatially autocorrelated random variables that underwent or-
dinary kriging based on exponential semi-variogram models.
Kriging models were selected based on a mini mized- RMSE . -
value during a cross-validation procedure within Geostatistical
Analyst. The interpolated residual surfaces for cach figld were
added to their corresponding polynomial trend surface to de-
rive the final interpolated soil EC_ geographic information
system darta layers. ) g

Interpolated soil EC_, surfaces for each field were divided
into zones using the Irerative Self-Organizing Data Analysis
Technique (ISODATA) and maximum likelihood classifica-
tion within Spartial Analyst (ESRI, 2005). The ISODATA
clustering algorithm relies on the number of classes (i.e.,
zones) to be user-defined and then seeks to minimize within-
class variance and maximize between-class variation. The
algorithm was used to determine three classes of soil EC_ for
each field. The ISODATA procedure produced three paramet-
ric soil EC_ signatures for cach field based on the mean and
covariance matrix for each class (ESRI, 2005).

Maximum likelihood classification defined and mapped
three soil EC,_ zones for each field using the ISODATA
signarures. Soil EC_ data for each feld were assessed for
normality and were determined as meeting the u nderlying
assumprtions for maximum likelihood classification. For each
soil EC | value, EC , zone membership was based on the
highest probability of belonging to cach of the three zones
as determined by the maximum likelihood classifier (ESRI,
2005). Minimal smoothing of the classificd maps was im-
posed to derive soil EC | zones that were practical for herbi-

cide management for cach field (Fig. 1).
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Soil Samples

Soil samples for our study were collected from each site in

“May 2006. "Lhe locations of three soil sample replicates were

identified within each'of the low and high soil EC_, zones of
cach field and geo-referenced with a Trimble Ag114 DGPS
receiver (Fig. 1). Soil samples within each soil EC_ | zone were
expected to have like properties that would affect herbicide
dissipation similarly and, thus, were assumed to be spatially
autocorrelated. High and low soil EC | zones were sclected for
sampling and experimentation because they were hypothesized
to represent soil properties that would respond differently in
terms of herbicide dissipation. Based on previous rescarch using
soil EC. ro characrerize soil properties for productiviry or fertil-
management zones, thrée zones are preferred by farmers,
generally represents a combination of
s (Fleming et al., 2004).
ssurface soil samples from the three

was before application of any herbicides for

“Field 1, which wa.s ifr 2 summer fallow for the 2006 grow-

ng scason. Field 2 was sampled before winter wheat harvest.
Field 3 was fallow but was sampled before any herbicides were
applied. Soil samples were air-dried for approximately 1 h,
sieved through a 2-mm sieve, and stored in a laborarory cold
room at 4°C for approximately 5 wk before laboratory incuba-

. tion studies and other associated experiments.

Routine soil anal yses were performed on each soil sample
by a commereial soil testing laboratory (MDS Harris Labo-
ratories, Lincoln, NE; available ar hrtp://ag.agsource.com/).
Soil properties measured included, but were not limired
to. soil pH (Thomas, 1996), NO ~N (mg kg™') (Mulvaney,
1996), and organic matter (%) (Nelson and Sommers, 1996).
Composite soil samples taken within cach soil EC| | zone
were analyzed for topsoil texture (Gee and Bauder, 1986).
Total aerobic microbial plate counts for each soil sample were
measured (Colorado State University’s Environmental Quality
Laboratory, Fort Collins, CO; available at www.chs.colostate.
edu/WEnviroQual/). Moisture content ar field capaciry for
cach soil sample was derermined by measuring the gravimetric
moisture content of the soil at a pressure of =33 kPa (Cassel
and Nielson, 1986).



FIELD 2
32.2 ha

FIELD 3
32.8 ha

LEGEND

(  High Soil ECa-sh Zone Sample Locations
(  Low Soil ECa-sh Zone Sample Locations
] Low Soil ECa-sh Zone
7] Medium Soil ECa-sh Zone
B High Soil ECa-sh Zone

Fig. 1. Shallow soil apparent electrical conductivity (EC_ ) zones delineated for cach field in this study. Locations of where soil samples were
taken within each zone are depicted on on each map. Maps of all fields are oriented north and are displayed at the same scale,

Incubation Experiment 1

An incubation experiment that involved treating laborato-
1y replications of each field-collected soil sample with atrazine
and merolachor was conducted twice using methods described
by Shaner and Henry (2007). Two laborarory replications of
field-collected soil samples from each soil EC, , zone within
each of the study fields were [rentgd‘Wit}l 1.0 pg cerrified

analytical grade atrazine per gram of soil and 1.0 pg certified

analytical grade metolachlor per gram of soil. The appropri-
ate amount of distilled water was added to each laboratory
replication to bring the soil to a moisture content of =33 kPA.
Laboratory replications were incubated under acrobic condi-
tions at 25°C and sampled at 0, 3. 7, 14,21, 25, and 35d af-
ter treacment {DAT). Samples were assayed for concentrations
of atrazine and metolachlor using a toluene extraction proce-
dure with gas chromatography/mass spectrometry (GC/MS)
(GC model 5890; MSD model 5972; Agilent Technologies,
Wilmington, DE) analysis (Shaner and Henry, 2007). The
limit of quantification for each herbicide was 100 ug kg of
soil: however, the mass spectrometer was able to detect peaks
corresponding to 25 pg kg™ of soil. Recovery efficiencies from

- quality control samples for atrazine and metolachlor were
retween 91 and 100%.
At every time point that soils were analyzed for herbicide

concentrations, soil moisture content was measured by sam-
pling 2 to 3 g of soil from each treated laboratory replication
and oven-drying at 105°C. Soil masses were determined be-

fore and after oven-drying. Residual herbicide concentration

© calculations were corsected for oven-dried soil mass for each

laboratory replication.

Incubation Experiment 2

The sampling protocol in Incubation Experiment 2 was
modified to improve the modeling of atrazine dissipation ki-
netics. After evaluating atrazine concentrations from the first
incubation experiment on 0, 3, and 7 DAT, it was determined
that there were insufficient data regarding the decline of atra-
zine concentrations to propetly model and evaluate its dissipa-
tion. The second experiment addressed all days after trearment
between 0 and 7 DAT and at 14 DAT, with the exception
of Field 2, which was evaluated at 16 DAT rather than ar 14
DAT for logistical reasons.
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Herbicide Soil Sorption Experiment

Soil sorption coefficients for each herbicide were deter-
mined for each field-collected soil sample using the batch-
slurry equilibration technique (Smith et al., 2003). A soil
sorption coefficient (K)) is the ratio of the concentration of
pesticide sorbed by the s0il to the concentration remaining in
soil solution (Weber et al., 2004). Field-collected soil samples
were air-dried for 24 h. Four 5-g laboratory replications of
cach air-dried ficld-collected soil sample were placed into
50-mL plastic centrifuge tubes and were treared with 1.0 pg
of atrazine and metolachlor per gram of soil. Ten milliliters
of a 0.02 mol L' CaCl /0.5 m mol L' HgCl, solution were
added to each treared sample. Tubes were shaken horizontally
for 24 h. The 24-h time period had been determined in pre-
liminary studies (data not shown) as adequare time for treated
soil samples to reach equilibrium. Laboratory sample replica-
tions were then centrifuged at 10,000 rpm for 25 min. For
each laboratory replication, 6.0 mL of the equilibrium solu-
tion supernatant were transferred to a 15-mL glass test tbe
with a Teflon-lined cap. Three milliliters of water-saturated
toluene were added to each glass test tube. The rubes were
shaken horizontally for 2 h and centrifuged for 15 min ac
2000 rpm. The roluene phase was analyzed for atrazine and
metolachlor concentrations by GC/MS methods as described
previously. Quality control samples were included in each
analytical GC/MS run. : 7

The amount of herbicide adsorbed to each of the soils was
calculated by the difference between the intial co negtitrations
of the herbicide in the soil solution (1.0 pgmL") and the
final concentration after equilibrating with the soil. "The her-
bicide K, was determined by Eq. {1]. :

K, = [herbicide sorbed to the soil (pg g/

[herbicide in solution (pg 7)) (1]

Herbicide Dissipation Analysis

Herbicide concentration data from treated laboratory
replications resulting from Incubation Experiment 1 were
used to model metolachlor dissipation, and such data from
Incubation Experiment 2 were used to model the dissipation
of atrazine. A first-order exponential decay model with indi- -
cator variables (Neter et al., 1985) (Eq._[2]) was fit to all the
atrazine data and metolachlor data separately using SPLUS
6.2 statistical software (Insightful Corporation, 2001). Previ-
ous research suggests that atrazine and merolachlor degrade
according to first-order kinetics (Dinelli er al., 2000; Vander-
heyden et al., 1997).

Y= Axexp(-kxt—kl x [1x t—k2x I2x t=Kk3
w Bxt—tbhx ldx t=kx [5x 1) (2]

where /1 = 1if Field 1, 11 = =1 if Field 3, /1 = 0 otherwise;
12 = 1 if Field 2, 12 = —1 if Field 3, /2 = 0 otherwise: B3=1
if low EC_, zone from Field 1, /3 = -1 if high EC_, zone
from Field 1. 13 = 0 otherwise; /4 = 1 if low EC,_, zone
from Field 2, 4 = -1 if high EC_ zone from Field 2, /4 = 0

Bridges et al.: Spatial Variability of Herbicide Dissipation

otherwise; and I5 = 1 if low EC_ zone from Field 3, /5 = -1
if high EC_, zone from Field 3, /5 = 0 otherwise. Herbicide
concentration (¥) was modeled as being equal to the initial
concentration, A, times the exponential of the product of the
negative first-order rate constant. £, and time, £ Parameters
estimared in chis nonlinear regression model were A and #.

Indicator variables were used to simultancously estimate
first-order rate parameters, 4, corresponding to each field and
each soil EC | zone within cach field (Eq. [2]). The use of
indicator variables allowed us to test for differences in dissipa-
tion rates across ficlds and between zones within ficlds by as-
sessing the equality of different regression functions. This was
an alternative staristical method to administering an ANOVA
on independently estimated 4 parameters for cach ficld and
soil EC | zones within each field. :

. The “full model” (Eq. [2]) enabled comparison of the

 herbicide dissipation among the three fields evaluated in this

study. However, soil EC_, zones were fixed effects nested
within fields; therefore, inferences regarding rates of herbicide
dissipation were limited to individual fields. A “reduced mod-
el was derived from the “full model” (Eq. [2]) that removed
the effects of the fields and was used to derive the inital con-
centration, A, and first-order rate constants, 4, for each soil
EC , izong: wirhin each field.
- Differences in herbicide dissipation rates berween soil
EC_, zones within each field were evaluated using one-tailed
Studenc’s ¢ tests. The null hypothesis was that there was no
difference in the race of dissipation between low and high soil
nes, ernative hypothesis was that significantly

- dissipation would be exhibited in the
es within cach field. The level of signifi-
hypothesis testing was set at a = 0.10.
icliherbicide were derived by using the
estimated first-order rate constants (£). The equation used to
: ves is presented in Eq. [3].

¥

a

cance used fo

(3]

Additional Statistical Analyses

- A series of one-and two-tailed Student’s ¢ tests was used on

* selected measured soil properties. "Ih_é null hypothesis for all

tests was no significant difference in the mean value of a soil
property berween low and high soil EC_ zones. The alterna-
tive hypothesis required a one- or two-tailed £ test according
to the soil characteristic of interest. The alternative hypotheses
formed for each of the variables were derived from resules of
previously published studies describing the influence of soil
properties on herbicide dissipation (Houot et al., 2000; Ab-
delhafid et al., 2000a, 2000b; Wackett et al., 2002; Moorman
et al.. 2001; Popov er al., 2005).

Results and Discussion

Shallow soil electrical conductivity values ranged from
0.01 te 0.72 dS m™', with coefficients of variation spanning
between 23.3 and 30.3% across all fields. Variability in soil
EC, , values was less within each delincated soil EC_| zone



Table 2. Characteristics of measured soil properties far each field site in this study. Mean values based on three soil samples are given with SE
in parentheses.

Water-holding

EC T Texture capacity Organic Microbial ~ ATZ MOC

zone class¥  (at-33kPa) matter NO,-N pH count§ K9 K9 EC . #

(P TR, A, mg kg™’ propagules g™ msm*
Field1 low silt loam 17.43(037) 1.60(0.06) 1467 (233} 6.37(0.28) 2.14E + 06 (7.45E+05) 0.61 (0.05) 1.02 (0.07) 0.6(0.01)
high clayloam 2213 (1.79} 2.33(0.19) 11.00(3.61) 6.53(0.18) 3.53E+ 06 (4.91E + 05)  0.66 (0.03) 1,26 {0.06) 0.29(0.03)
Field2 low silt loam 18.10(0.12) 2.40(025) 11.00(3.06) 6.17 {0.20) 8.20F + 06 (1.08E +06)  0.96 (0.06) 1.73(0.09) 0.26{0.02}
high clayloam  21.47{041) 217 (0.09) 17.00(6.11) 6.40(0.12) 7.03E + 06 (5.17E +05) 0.80 {0.08} 1.50 (0.17) 0.62(0.01)
Field3 low loam 1417 (026) 1.67(0.12) 2233(2.60) 5.93(0.09) 3.80F + 06 (1.53E + 05)  0.72 (0.05) 1.24 (0.13) 0.22(0.01)
high clay loam 17.20(0.80) 1.60(0.06) 9.33 (1.76) 6.23 {0.18) 3.83E+06 (1.38E +06) 0.80(0.03) 1.25(0.10) 0.41(0.01)

I ATZ, atrazine; EC . shallow soil apparent elactrical conductivity; MOC, metolachlor.
+ Textural class based on composite of three soil sample locations.
5 Microbial count based on a total asrobic plate count using Standard Methaods Agar.

1 Mean value based on the average values of herbicid_c- sorption coefficients (K ) calculated from four replications.
# Mean value based on absolute values of shallow soil apparent etectrical conductivity for the locations of soil samples estimated from modified

residual kriging.

(Table 2} where differential rates of atrazine and merolachlor
were also observed.

Characteristics of Soil EC_, Zones

There was significantly less variability of soil EC, , values
within each delineated soil EC_, zone (Fig. 1) compared
with whole field soil EC_ variability. Coefficients of varia-
tion (CV) for EC_, values within zones, based on an assess- |
ment of all soil EC_, values measured within each delineated
zone, ranged from 8.0 to 16.4%, whereas overall field CV
ranged from 23.3 to 30%. In addition; there were differences
in topsoil texture as classified by particle size analysis of soil
samples between low and high soil EC, | zones within cach
field (Table 2). Likewise, the percent water-holding capaciries
(~33 kPa) were significantly higher in the soils of the high
EC , zones of each field (P = 0.10). hY ]

“The texture and moisture differences in the nonssaline soil

samples (Williams and Hoey, 1987; Kachanoski et ali;’ 1988} :

of this study confirm the utility of soil EC, , maps to create -
soil zones within a field. Previous work also supports the use
of soil EC, measurements for characterizing soil types across
ficlds (Anderson-Cook et al.. 2002; Kirtchen ct al., 2004).

Atrazine Dissipation :

“There were differences in the rates of dissipation (£) of
atrazine between nested soil EC | zones across all fields (P <
0.001). These differences were due to the faster rate of atra-
zine dissipation in the high soil EC | zones of Fields 2 and
3 relative to their low soil EC_| zones (Table 3). Although
dissipation rates were not significandly different between the
soil EC, , zones in Ficld 1, the trend was similar as scen in the
other fields (Table 3). The haif-lives of atrazine for soils in our
incubartion scudy ranged from 1.75 to 3.22 d (Table 3). The
half-lives for atrazine reported in the literarure have ranged
from 45 to 180 d (Wauchope et al., 1992; Wacketr et al.,
2002; Johnson et al., 2003; Miller and Westra, 2006). How-
ever, Shaner and Henry (2007) found that atrazine had a half-
life between 3 and 5 d in irrigated fields in castern Colorado
that had received annual atrazine applications for at least 5 yr

before soil analysis. In laboratory studies, the half-life of atra-
sine in soils taken from fields that showed enhanced degrada-
tion was berween 1 and 2 d (Shaner and Henry, 2007). The

results of our. study were comparable o those of Shaner and

Henry (2007); suggesting that soils from fields evaluated in
our study were exhibiting accelerated atrazine dissipation. To

~ our knowledge, thiere have been no reports of accelerared arra-
* zine dissipation in semiarid dryland cropping environments.

Disparities observed in the rates of atrazine dissipation
between soil EC_ zones nested within ficlds may be due to
different cropping system practices and atrazine applications
over the 'SIy'rul:}é(iﬁ'c'dl'i'r- study (Table 1). Fields 2 and 3 were
anaged by the same farmer and were under the same crop
rotation (Table 1). The highly significant difference in rates
of atrazine dissipation between soil EC | zones exhibired on
Field 3 (£ < 0,001) (Table 3) compared with the other fields
might have been due to the most recent atrazine application
that eccurred 1'yr prior (in 2003) to soil collection for our
Stu y-{T’:iblE'T)‘ The other two fields in this study had not
been exposed to atrazine since 2004. In addition, Field 1,
which showed no significant differences of atrazine dissipation
rates between soil EC_ zones, had only one application of
atrazine in the.3 yr before this study (Table 1).

Atrazine behavior f-obseﬁed among the fields and between
s0il EC_, zones within fields in our study is further evidence
that field management history was likely an influential fac-
tor in our results. Other studies have found thar atrazine
management practices influence rartes of arrazine dissipation
(Vandetheyden et al., 1997; Yassir et al., 1999; Shaner and
Henry, 2007). Johnson et al. (2003) reporred thar study sites
never receiving atrazine had half-lives ranging from 45 o 102
d, whereas other studies conducted using soils recently and
repeatedly exposed ro atrazine had corresponding half-lives
ranging from approximately 5 o 20 d (Vanderheyden et al.,
1997: Yassir et al., 1999). Barriuso and Houot (1996) were
among the first to report accelerated mineralization of the

s-trazine ring of atrazine in soils having recent and repeated
exposure to this herbicide, and they speculated that the soils
examined in their study contained adapted microflora capable
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of rapidly decomposing atrazine. There have been several
studies attriburing adapred microbes as the reason for ac-
celerated acrazine dissipation (Houot et al., 2000; Aislabie

et al,, 2004; Popov et al., 2005; Zablotowicz et al., 2006).
Because of the controlled condition under which our study
was performed, microbial degradation was likely the cause of
the atrazine dissipation we observed versus losses by leaching
or volatilization. Although chemical degradation could have
contributed to dissipation, the accelerated rate of atrazine dis-
sipation coupled with the history of atrazine use on all fields
in this study suggested microbial decomposition.

Soil samples from one ficld in our study that exhibited a
higher rate of arrazine dissipation in the high soil EC | zonc
(Table 3) also had lower concentrartions of nitrate (7 = 0.01)
in the high soil EC_ zone (Table 2). Microbes responsible
for the breakdown of arrazine have been reported to be heav-
ily influenced by organic catbon (C) and mineral nitrogen
(N} availability in the soil. Yassir et al. (1999) reported that
soils deemed adapted to atrazine due to a history of exposure
showed the release of a high rate of “C-CO, from radioac-
tively labeled atrazine, suggesting that soil microbes used atra-
zine as a carbon source. Atrazine dissipation is negatively cor-

related to N mineralization, signifying that, in the absence of
mineral N, microbes use atrazine as a nitrogen source (Houot. .

et al., 2000; Abdelhafid er al., 2000a).
Aerobic microbial plate counts (propagules per gram) were
not significantly different throughout the various soil EC
zones (Table 2); hence, these data suggesc that there were su‘n—
ilar amounts of microbes throughout the ficld. This rcnd was'
similar to previous findings showing no relationship berween
atrazine degradation rates and microbial biomass (Yassir cral.,
1999; Houot er al., 2000; Aislabie et al., 2004; Zablotowicz et
al., 2006). Jayachandran et al. (1998) illustrated that popula-
tions of atrazine-degrading microbes are correlated with rates
of atrazine mineralization. However, atrazine degradérs:miay

only comprise a small portion of the total microbial popul;
tion (Jayachandran et al., 1998).

It is probable that there were differences in microbial capa-
bilities to degrade atrazine across the crop helds of our study
because of variation.in soil properties. Microbial acrivity has
been reported to vary with soil properties such as moisture,
pH, organic matter, and texture (Issa and Wood, 2005; Beul-
ke et al., 2005). In our study, there were higher field-capaciry
moisture contents (i.e., water-holding capacity ac -33 kPa)
in the soil samples corresponding to high soil EC_ | zones as
compared with those of the low soil EC_| zones (P < 0.10).
Greater moisture content and finer :opsml texture exhibired
in the soils of the high soil EC_ zones might explain their
higher rates of atrazine dissipation.

Metolachlor Dissipation

There were higher rates of metolachlor dissipation in the
high soil EC_, 7ones of two of the three fields evaluated in this
study (Table 3). The other field, however, demonstrated the
opposite trend, with a higher rate of metolachlor dissipation in
the soil samples of the low soil EC_, zone (Table 3). Half-lives

Bridges et al.: Spatial Variability of Herbicide Dissipation

Table 3. Estimated decay rate constants (k) and half-lives (T
shallow soil apparent electrical conductivity (EC_

., for each
} zone within

each field of this study.
Herbicide EC_ zone kt T,¥ pValued
d’ d
Field 1  atrazine low 0.30 (0.024) 2.31 0.34 (NS)#
high 0.31(0024) 223
metolachlor low 0.05(0.005) 1035 0.08
high 0.07 (0.005) 9.2
Field2 atrazine low 0.26 (0.024) 263 0.001
high 0.35(0.024) 199
metolachlor  low 0.06 (0.005) 10.66 0.02
high 0.07 (0.005} 9.00
Field3  atrazine low 0.22(0.023) 3.22 <0.001
high 0.40(0.023) 175
metolachlor low 0.08 (0.005) 9.00: 0,96 (NS)#
high* 0.07 {0.005) 1050

“ + First- order rare constant wﬂh standard errors in uaremheses

§ Half-lives calculated from clmclmg the natural Iog {In} of 2 by the first-
order rate constant.

9§ p Values based on a ene-tailed Student’s ¢ test for where the
alternative hypothesis is that first-order rate constants are higher in high
EC zones withirr each field.

# NS, not significant.

for metolachlor varied from 9.0 to 10.7 d (Table 3). This was
rot considered accelerated dissipation as compared with rates
reported fronia study b}r Shaner and Henry (2007).

ol Mc__'rolachlor decomposition is primarily governed by mi-
crobial degradation (Liu et al., 1989), as is the case with atra-

zine. 'he prcvlous dls{.u&slon regqrdmg atrazine degnd.mon

ing 'SlEl’llﬁCdﬂ[ leﬁ:rencc in merolachlor dissipa-
the low and high soil EC_| zones (P = 0.08;
Table 3) had a higher rotal microbial count in the high soil
EC_, zone (P = 0.10; Table 2). This might suggest that the
size of the microbial populations was related to metolachlor’s

: dns:patlon likely confounded by other soil properties, such as
. muolachior s sorption cocfﬁuent (K), soil moisture content,

and percent soil organic matter {Tab]e 2).

Sorption coefficients (f( ) for metolachlor were significantly
higher in the soil samples of the high soil EC_| zone (P = 0.03;
Table 2) of Field 1, one of the fields that exhibired differences
in metolachlor dissipation rates between soil EC | vones
(= 0.08; Table 3). Additionally, the percent soil organic mart-
ter (SOM) of the soil samples from Field 1 was higher in the
high soil EC | zone (P =0.06; Table 2). This agrees with the
results of Weber et al. (2004), who reported a positive correla-
tion between SOM and metolachlor’s mean K, value across
various soil types. Likewise, organic amendments, such as
crop residucs, can increase the rate of metolachlor degradation
(Moorman et al., 2001). It could be hypothesized that, in dry-
land fields of Colorado, areas of the field with higher soil EC,



values could be spatially coincident with higher-yielding arcas
contributing more crop residues. Field 2 of our study, which
also exhibited a higher metolachlor dissipation rate in the high
soil EC,, zone (P = 0.02; Table 3), had contrasting results of
Jower percent SOM (not significant; Table 2) and lower me-
tolachlor sorption (not significant; Table 2) in the soil samples
of the high soil EC_| zone.

“The relationship between a soil's exposure to metolachlor
and metolachlor dissipation has had conflicting reports in
the literature. Frank et al. (1991) illustrated how metolachlor
half-lives increased (i.c., dissipation rates decreased) in a ficld
after three successive years of metolachlor applications, whereas
Sanyal and Kulshrestha (1999) found accelerared rates of
metolachlor degradation after four applications wi thin § mo,
Tn a recent study, Shaner and Henry (2007) did nor report ac-
celerated metolachlor dissipation on fields despite histories of
acetanilide hetbicide applications. OF all the fields evaluated
in our study, only Field T had a history of metolachlor appli-
cation, occurring in 2005 (Table 1). Perhaps this application
of metolachlor on Field 1 contributed to the higher rate of
metolachlor dissipation observed in the high soil EC_ zone
(Table 3). However, this does not help to explain metolachlor’s
behavior on Field 2, which also showed a faster rate of dissipa-, B
tion in its high seil EC_ zone (Table 3). Because metolachlor
dissipation behaved similarly on these two fields and only one
had a history of metolachlor use, it is possible that certain soil |
properties characterized by soil EC_ and not use history in-

fluenced the differential rates of dissipation between soil zones. -

Perhaps the spatial structure of soil properties
bial activity contributed to the differences in rat
consistent trends in those differences of metolachlor dissipation
berween soil EC_ zones of the felds evaluated inour study.

s and the in-

Conclusions
Accelerated dissipation of atrazine was exhibited'on all
ficlds of this study, with half-lives ranging from 1.8 o 3.2
d, as compared with previously reported half-lives for atra-
zine ranging from 45 to 180 d in the soil (Wauchope et al.,
1992; Wackete et al., 2002; Johnson et al., 2003; Miller and
Westra, 2006). Our dara support results reported by Shaner
and Henry (2007) regai‘dir@g frequent exposure to atrazine,
rapid atrazine dissipation, and associated shortened half-lives
in Colorado soils. Our study, however, is among the first to '
reporc such high rates of atrazine dissipation in soil from
semiarid dryland cropping environments. There were signifi-
cantly higher rates of atrazine and metolachlor dissipation in
the soils of the high EC_ zones on at least two of the three
fields in chis study. These results suggest the potential for dif-
ferential herbicide application based on soil EC | ~defined
management zones. Although this work identified staristically
different rates of dissipation with respect to soil EC ~defined
zones, a producer would most likely not manage his herbicide
program differently in response to these small differences.
Further work under ficld condirions needs to be performed
to confirm the results of this rescarch and to determine the

agronomic significance (i.e., effects on weed conrtrol) of the
different rates of herbicide dissipation. More studies are also
needed ro understand the mechanisms contributing to differ-
ential rates of herbicide dissipation across crop fields.
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